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This paper presents the complete amino acid se- 
quence  of the low molecular weight acid phosphatase 
from bovine liver. This isoenzyme of the acid phospha- 
tase family is located in the cytosol, is not inhibited by 
L-(+)-tartrate and fluoride ions, but is inhibited by 
sulfhydryl reagents. The enzyme consists of 157 amino 
acid residues, has an acetylated NH2 terminus, and has 
arginine as the COOH-terminal residue. All 8 half- 
cystine residues are in the free thiol form. The molec- 
ular weight calculated from the sequence is 17,953. 
The sequence was determined by characterizing the 
peptides purified by reverse-phase high performance 
liquid chromatography  from tryptic, thermolytic, pep- 
tic, Staphylococcus  aureus protease, and chymotryptic 
digests of the carboxymethylated protein. No sequence 
homologies were found with the two known acylphos- 
phatase isoenzymes or the metalloproteins porcine 
uteroferrin and purple acid phosphatase from bovine 
spleen (both of which have acid phosphatase activity). 
Two  half-cystines at or near the active  site  were iden- 
tified through the reaction of the enzyme with [14C] 
iodoacetate in the presence or in the absence of a com- 
petitive inhibitor (Le. inorganic phosphate). 
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Acid phosphatases (orthophosphoric-monoester phospho- 
hydrolases (acid optimum), EC 3.1.3.2) are ubiquitous in 
nature and often occur in multiple forms differing in M,, 
substrate specificity, and sensitivity to inhibitors (1-4). In 
addition, most of these enzymes are glycoproteins and some 
are also metalloproteins (such as the iron-containing acid 
phosphatases, porcine uteroferrin and purple acid phospha- 
tase from spleen (5) and bone (6, 7), and the manganese- 
containing acid phosphatases isolated from some plants (8, 
9)). The presence in mammalian tissues of  low M, isoenzymes 
was clearly demonstrated by Heinrikson (2) who purified the 
enzyme from  bovine  liver. Subsequently, De  Araujo et al. (4) 
localized the low M ,  acid phosphatase in the cytosol. 
Lawrence and Van Etten (10) have recently reinvestigated 
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the low M, acid phosphatase from bovine liver. They reported 
that they had purified the enzyme to homogeneity and  criti- 
cized Heinrikson’s (2) data, particularly with respect to  the 
amino acid composition and specific activity, which they 
found to be approximately twice as high. 
The substrate specificity of the low M, acid phosphatases 
is more restricted than  that of the high M, acid phosphatases 
in that  the former efficiently hydrolyzes only p-nitrophenyl 
phosphate  and riboflavin phosphate (2,  11). In 1980, we 
reported that  the enzyme isolated from bovine liver is cata- 
lytically very active with acylphosphates such as carbamoyl 
phosphate  and benzoyl phosphate (12). Taga  and Van Etten 
(11) also found that  the low M ,  isoenzyme from human liver 
has a high activity on acetyl phosphate and suggested a 
similarity between the low M, acid phosphatases  and  another 
class of enzymes called acylphosphatases (EC 3.6.1.7). The 
latter enzymes were extensively studied in our laboratory (13- 
16): although they have in common a subcellular localization 
in the cytosol and similar molecular weights, we found that 
the specificity of the two  known  isoenzymes of acylphospha- 
tase is limited to acylphosphates and  that they do not hydro- 
lyze orthophosphoric-monoesters. In addition, the amino acid 
sequence was determined for several acylphosphatases from 
skeletal muscle of vertebrate species (17-23) and for the 
isoenzyme from human erythrocytes (24). 
Recently, Chernoff and Lee (25) demonstrated that the 
major phosphotyrosyl-protein phosphatase from bovine heart 
is associated with a low M, acid phosphatase.  They reported 
that  this enzyme appears to be similar to  the low M, acid 
phosphatases from other tissues, including the liver enzyme. 
In fact, all these enzymes have similar M,, pH optima, and 
K,,, values for p-nitrophenyl  phosphate,  and all are insensitive 
to inhibition by L-(+)-tartrate  and fluoride ions. Furthermore, 
Boivin and Galand (26) purified two isoenzymes from human 
red cell cytosol that efficiently dephosphorylate the mem- 
brane  protein  band 3, previously phosphorylated on a specific 
tyrosine residue by a tyrosine phosphokinase present in the 
red cell membrane. 
EXPERIMENTAL PROCEDURES AND RESULTS‘ 
DISCUSSION 
The complete amino acid sequence of the low molecular 
weight acid phosphatase (cytosol) from bovine liver is pre- 
sented in Fig. 1, together with the peptides used to delineate 
the primary structure. The protein, consisting of 157 amino 
acid residues, is acetylated at  the NH2  terminus,  and  has Arg 
Portions of this paper (including “Experimental Procedures.” 
“Results,” Figs. 2-11, and Tables I-VI) are presented in  miniprint a t  
the end of this paper. Miniprint is easily read with the aid of a 
standard magnifying glass. Full size photocopies are included in the 
microfilm edition of the  Journal  that is available from Waverly Press. 
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FIG. 1. The complete amino acid 
sequence of the  low molecular 
weight acid phosphatase from bo- 
vine liver. The solid lines indicate the 
amino acid sequences determined for 
peptides obtained from trypsin (T), ther- 
molysin (Th) ,  pepsin (P), S.aureus pro- 
tease ( S p ) ,  and chymotrypsin (Ch) 
cleavages. The notations A and B refer 
to  the NHZ- and COOH-terminal 
subfragments, respectively, of a peptide 
which  was also found unbroken. Dashed 
lines indicate sequence information 
which  was inferred from the amino acid 
composition of the peptide and from data 
on sequence analysis of other peptides. 
Ac, acetyl. 
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as  the COOH-terminal residue. All 8 half-cystines in  the acid 
phosphatase are present as free sulfhydryls. The calculated 
minimum molecular weight is 17,953. 
The protein was first reduced and carboxymethylated to 
stabilize the cysteine residues. The sequence was determined 
by analyzing the peptides obtained from five different enzy- 
matic digestions (trypsin, thermolysin, pepsin, S. aureus pro- 
tease, and chymotrypsin). Peptides were purified by HPLC' 
on Aquapore RP 300 with a trifluoroacetic acidlacetonitrile- 
based solvent system. Peaks  containing more than one peptide 
were rechromatographed on the same column with a different 
solvent system and/or different elution programs. 
The sequences were analyzed by the manual Edman deg- 
radation. The structure of T1, that is, the NHz-terminal 
blocked peptide, was obtained by the combination of FAB 
mass spectrometry, enzymatic digestions, and  Edman degra- 
dation,  as described in the Miniprint. 
The COOH-terminal Arg  was determined by treatment of 
* The abbreviations used are: HPLC, high performance liquid chro- 
matography; Cm, carboxymethyl; PITC, phenylisothiocyanate; TFA, 
trifluoroacetic acid; PAGE, polyacrylamide gel electrophoresis; SDS, 
sodium dodecyl sulfate; FAB, fast atom bombardment; PTH, phenyl- 
thiohydantoin; Ac, acetyl. 
the Cm-protein with carboxypeptidase B.  All  cleavage points 
in the protein were overlapped by peptides obtained from one 
or more of the other digests. 
No homology emerged when the sequence of the low M, 
acid phosphatase from bovine liver was compared with that 
of acylphosphatase from bovine skeletal muscle ( 2 2 ) ,  which 
indicates that these enzymes are expressed by different genes. 
Nor was there  any homology between acid phosphatase  and 
the isoenzyme of acylphosphatase isolated from human  eryth- 
rocytes (24). The  latter enzyme differs from that of human 
skeletal muscle in about 44% of the amino acid positions, but 
they clearly have originated from a common ancestral gene 
(24). Both of these isoenzymes show a  strict specificity for 
acylphosphates and do not hydrolyze orthophosphoric-mon- 
oesters. Thus, although the low M, acid phosphatase from 
bovine liver hydrolyzes similar acylphosphate substrates as 
other acylphosphatases, these  share no structural similarities. 
Hunt et al. (5) have studied the sequences of two metallogly- 
coproteins, uteroferrin from porcine uterus  and purple acid 
phosphatase from beef spleen, both of which exhibit acid 
phosphatase activity. Although their sequence data were in- 
complete, they demonstrated that the sequence homology 
between these two proteins was >go%. Comparison of these 
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partial sequences (accounting for about 90% of the entire 
molecules) with the sequence of the low M, acid phosphatase 
from bovine liver shows virtually no sequence homologies. 
Furthermore, the two proteins  (uteroferrin consists of a single 
polypeptide of 35 kDa, whereas purple acid phosphatase  con- 
sists of two polypeptide chains of  20 kDa and 15 kDa) have a 
low cysteine content: uteroferrin contains  2 cysteine residues 
per molecule, whereas the 20-kDa purple acid phosphatase 
chain contains only 1, and  the 15-kDa purple acid phospha- 
tase  chain  contains 2. In contrast, the low M, acid phosphatase 
contains 8 cysteines per molecule (Mr = 17,953). The se- 
quences around cysteine residues in uteroferrin and purple 
acid phosphatase  are different from those around the 8 cys- 
teines of the low M, acid phosphatase. Uteroferrin and  the 
two chains of purple acid phosphatase have free a-NH2 groups 
at  the NH2 termini, whereas the low M, acid phosphatase  has 
an a-N-acetylated NHz-terminal residue. Acetylation at  the 
NH2 terminus has been postulated to be characteristic of 
proteins synthesized on free polysomes in the cytosol (27). 
Thus,  our results agree with the  data of De Araujo et al. (4) 
on the cytosolic localization of the low M, acid phosphatase. 
We found that iodoacetate causes the inactivation of the 
enzyme and  that  the competitive inhibitor Pi protects the low 
M, acid phosphatase against inactivation (Fig. 10).  In agree- 
ment with the data of Lawrence and Van Etten (lo), our 
results indicate that  at least 1 half-cystine residue is present 
at or near the active site because 85% inactivation of the 
enzyme occurred with the carboxymethylation of  0.9 residue 
of half-cystine per molecule of enzyme (Table  I);  furthermore, 
the competitive inhibitor Pi reduced the rate of inactivation 
by preventing the iodoacetate reaction with active site sulfhy- 
dryl group(s). Because of the difference in inactivation of the 
enzyme by iodoacetate in the presence and absence of Pi (Fig. 
lo), differential modification by [14C]iodoacetate (28) was 
used to distinguish essential active site half-cystines from 
others that might be  modified at  the same time at other  sites 
of the molecule. We found that Cys-12 and Cys-17, both 
labeled by ['"C]iodoacetate, are protected to  the same extent 
by Pi, so that these two half-cystine residues are at or  near 
the active site of the enzyme. Nevertheless, Cys-12 reacts with 
iodoacetate 3.5 times faster than Cys-17 (see the specific 
radioactivity of Cys-12- and Cys-17-containing peptides in 
the Miniprint). Thus, Cys-12 contributes most to enzyme's 
inactivation. In this paper, we present the first complete 
amino acid sequence for an acid phosphatase. 
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